Background: Genomic analysis of circulating tumor cells (CTCs) could provide a unique and accessible representation of tumor diversity but remains hindered by technical challenges associated with CTC rarity and heterogeneity. Objective: To evaluate CTCs as surrogate samples for genomic analyses in metastatic castration-resistant prostate cancer (mCRPC). Design, setting, and participants: Three isolation strategies (filter laser-capture microdissection, self-seeding microwell chips, and fluorescence-activated cell sorting) were developed to capture CTCs with various epithelial and mesenchymal phenotypes and isolate them at the single-cell level. Whole-genome amplification (WGA) and WGA quality control were performed on 179 CTC samples, matched metastasis biopsies, and negative controls from 11 patients. All patients but one were pretreated with enzalutamide or abiraterone. Whole-exome sequencing (WES) of 34 CTC samples, metastasis biopsies, and negative controls were performed for seven patients. Outcome measurements and statistical analysis: WES of CTCs was rigorously qualified in terms of percentage coverage at 10Â depth, allelic dropout, and uncovered regions. Shared somatic mutations between CTCs and matched metastasis biopsies were identified. A customized approach based on determination of mutation rates for CTC samples was developed for identification of CTC-exclusive mutations. Results and limitations: Shared mutations were mostly detected in epithelial CTCs and were recurrent. For two patients for whom a deeper analysis was performed, a 1 These authors contributed equally to this work.
1.

Introduction
Advances in the development of precision medicine for cancer patients rely on accurate identification of the genomic features underlying a patient's tumor [1] . As the number of genomic targets with matched therapies grows, the current hurdle remains the availability of tumor tissue that can reflect a constantly evolving disease [2] [3] [4] . Recognition that metastatic lesions have a discordant genomic fingerprint compared to primary tumor has led to recommendations for invasive biopsies. However, tumor heterogeneity poses the predicament that single-site biopsies may not capture the genomic alterations relevant to targeted therapy [5] . This is especially true in metastatic prostate cancer (mPC), for which bone metastases arising several years after diagnosis and therapeutic interventions are either inaccessible or yield insufficient material for genomic profiling of the disease [6, 7] . In addition, biopsies of bone metastases are painful and cannot be repeated multiple times during the disease course, calling for less invasive methods for molecular characterization of mPC and for monitoring disease progression during therapy.
The development of "liquid biopsies" presents new opportunities for noninvasive monitoring of clonal heterogeneity. Circulating tumor cells (CTCs) captured as a "liquid biopsy" are currently regarded as a noninvasive and repeatable source of tumor material that could overcome the sampling challenges for metastatic disease [8] [9] [10] [11] . CTCs are likely to arise from distinct metastatic sites, and may better represent tumor heterogeneity in both space and time. Liquid biopsies might allow genomic characterization of mPC and routine monitoring of metastatic spread, drug resistance, and disease relapse during the course of treatment [9] [10] [11] . However, it is still unknown whether using liquid biopsies can provide a more complete profile of mPC clonal diversity.
CTCs often exhibit combinations of epithelial and mesenchymal traits, highlighting the role of epithelialmesenchymal transition (EMT) in the process of intravasation and cancer cell dissemination [12] . Therefore, nonepithelial-based CTC enrichment methods are essential to capture the phenotypic heterogeneity of CTCs in terms of EMT marker expression [13] [14] [15] . Reports of single-cell highdimensional analyses of CTCs are scarce and limited to EpCAM-positive CTCs [16] [17] [18] . The rarity and biological heterogeneity of CTCs have imposed technical challenges to their isolation and analyses at single-cell level, and impacted the success of robust processing of complex and costly downstream methodologies. Once isolated at the single-cell level, CTCs must undergo whole-genome amplification (WGA), a mandatory process to identify CTC somatic variants but prone to amplification bias, polymerase errors, and allelic dropout (ADO) [19] .
Our central hypothesis was that the genetic heterogeneity of CTCs assessed at the single-cell level via whole-exome sequencing (WES) reflects their phenotypic heterogeneity in mPC and may help to resolve the clonal relatedness between CTCs and metastasis in mPC. Here, we report for the first time isolation at the single-cell level, qualification, and WES of CTCs harboring various epithelial, mesenchymal, and/or morphological characteristics from 11 patients with metastatic castration-resistant PC (mCRPC). All mCRPC patients were included in the MOSCATO 01 clinical trial evaluating the potential clinical benefit of screening metastasis biopsies via high-throughput genomic analyses to identify actionable alterations in patients with advanced cancer [1] . Somatic mutations shared between CTCs and matched metastatic biopsies, and CTC-exclusive mutations (exclusively identified in CTCs and not in matched biopsies) were comprehensively explored. Our results reveal that CTCs can be used as surrogate samples for mutational analyses of mCRPC and provide a genomic picture of disseminating clones involved in metastasis.
2.
Patients and methods
Patients
Patients with mCRPC were enrolled in the MOSCATO 01 prospective trial (IDRCB 2010-A00841-40; NCT02613962) [1] . The study was authorized by the French national regulation agency ANSM and approved by the ethics committee. Blood was collected into EDTA and CellSave tubes.
CTC enrichment, detection, and isolation
Isolation by size of epithelial tumor cells (ISET) filtration, immunofluorescence staining, and scanning of filters were performed as previously few CTCs were sufficient to represent half to one-third of the mutations in the matched metastasis biopsy. CTC-exclusive mutations were identified in both epithelial and nonepithelial CTCs and affected cytoskeleton, invasion, DNA repair, and cancer-driver genes. Some 41% of CTC-exclusive mutations had a predicted deleterious impact on protein function. Phylogenic relationships between CTCs with distinct phenotypes were evidenced. Conclusions: CTCs can provide unique insight into metastasis mutational diversity and reveal undiagnosed genomic aberrations in matched metastasis biopsies. Patient summary: Our results demonstrate the clinical potential of circulating tumor cells to provide insight into metastatic events that could be critical to target using precision medicine.
reported [20] . CTCs and CD45-positive cells were isolated via laser microdissection. CTCs were detected using CellSearch as previously described [10, 20] and isolated using self-seeding microwell chips [21] . Enrichment via RosetteSep was performed according to the manufacturer's protocol (StemCell Technologies, Vancouver, Canada).
RosetteSep-enriched CTCs were permeabilized, stained via immunofluorescence, and isolated using fluorescence-activated cell sorting (FACS).
The methods are described in the Supplementary material.
WGA, quality controls, and purification
WGA was performed using an Ampli1 WGA kit version 1 (Menarini Silicon Biosystems, San Diego, CA, USA) and evaluated via a qualitative polymerase chain reaction (qPCR) assay to determine a quality score (QS;
Supplementary material).
Isolation of genomic DNA from blood and tumor biopsies
DNA from formalin-fixed, paraffin-embedded tumor biopsy specimens and constitutional DNA were purified as described in the Supplementary material.
WES and bioinformatics analysis
WES and bioinformatics analysis are described in detail in the Supplementary material. Raw data are available on EGA at accession number ega-box-1082.
Results
Eleven patients were included in the current analysis (Table 1 ). At the time of CTC collection, all patients had metastases from CRPC and all but one had been previously treated with either abiraterone or enzalutamide, while three had been treated with prior docetaxel. We initially developed a CTC enrichment strategy based on filtration by ISET before a multistep process that includes immunofluorescent staining with epithelial and mesenchymal markers for CTC identification and laser microdissection of individual CTCs (Fig. 1A) . CTCs from five patients (P1-P5) were isolated in this way. We detected very few epithelial CTCs, especially in two of the patients (P2 and P3), compared to higher CellSearch counts, as confirmed by a recent study [13] ( Supplementary Table 1 ). In agreement with published results [15, 22] , ISET revealed hybrid cells, as well as populations of large (nuclei !16 mm) and mesenchymal candidate CTCs, of possible interest for further analysis by WES ( Fig. 1B) . We developed two other strategies to capture epithelial and other candidate CTCs. In the second strategy, CTCs were enumerated via CellSearch and individually isolated using the self-seeding microwell chips platform [21] (Fig. 1A) . Our third approach involved hematopoietic blood-cell depletion and individual CTC isolation via FACS (Fig. 1A) . These three strategies allowed identification of five phenotypic subtypes of candidate CTCs on the basis of both epithelial and mesenchymal marker expression and/or morphological characteristics ( Fig. 1B) . These initial results led us to explore and isolate CTCs in six more mCRPC patients (Table 1 and Supplementary Table 1 ). A global workflow was established based on these strategies, WGA and qualification, and WES of CTCs and matched negative controls (CD45 + cells; Fig. 1C ). We hypothesized that pools of a limited number of individual CTCs could result in higherquality WGA and could yield higher sensitivity for variant detection than single CTCs. We isolated 162 pools of two to ten CTCs (each pool containing CTCs of the same phenotype), 17 single CTCs, and matched CD45 + cells. The WGA quality was controlled using a qPCR assay, and a QS !3 was set as the criterion for WES eligibility, which was reached by 87/179 WGA samples (49%; Supplementary Table 2 , Supplementary Fig. 1A and B ). As hypothesized, the probability of reaching QS !3 was higher in pools than in single CTCs (Fig. 1D ). Among the 87 WGA CTC samples with QS !3, 31 from seven patients were selected for WES. Two supplementary epithelial CTC pools (P7-E-7 and P7-E-8) from 10 CTCs and a single CTC bearing a hybrid phenotype, all with QS <3, were included for patient P7 to address CTC heterogeneity ( Supplementary Table 3 ). WES for the 34 CTC samples was subjected to rigorous quality control ( Fig. 1E , Supplementary Fig. 1 ). Of the 34 WES samples, 28 (82%) had Supplementary Table 4 . Of the 34 CTC samples, 27 (79%) had more than 50% coverage at 10T. The mean percentage coverage at 10T is 54.3% (range 12-71%). The lower percentage coverage at 10T was because of WGA with QS <3. WES = whole-exome sequencing; CTCs = circulating tumor cells; WGA = whole-genome amplification; QS = quality score; ISET = isolation by size of epithelial tumor cells. <30% ADO and uncovered regions, and 27 (79%) had >50% coverage at 10Â depth (10Â was the minimum level of coverage considered, but coverage was in practice typically in excess of 10Â). We analyzed mutations shared between CTCs and matched metastasis biopsy samples. Among the 34 CTC samples sequenced, 15 from four patients (P1, P7, P10, P11) shared mutations with the corresponding matched biopsy ( Fig. 2A) . A total of 136 shared mutations for 65 unique mutations were detected ( Supplementary Figs. 2 and 3A) . Of these 65, 61 (93.9%) were detected exclusively in epithelial CTCs, while four (6.1%) were detected in CTCs bearing various phenotypical characteristics (Fig. 2B ). For patients P7 and P11, for whom a larger number of CTC samples with various characteristics were sequenced, 59% and 33%, respectively, of mutations detected in biopsies were identified in CTCs (Fig. 2C) . For patient P7, shared mutations were mostly identified in two CTC pools with high QS (Fig. 2D ). For patient P11, 31% of mutations shared with the matched biopsy were present in one pool of five and one single epithelial CTC with QS !5 ( Supplementary Fig. 4 ). Most of the shared mutations, including those in GRM8 and TP53, were identified in several epithelial CTC samples ( Table 2 , Fig. 2B , Supplementary Table 4 ). Overall, 24/53 of shared unique mutations (45%) had a predicted deleterious impact on protein function. Our results demonstrate that WES of a small number of pools or single epithelial CTCs, selected using a rigorous qualification process, can reveal significant mutational similarities to the metastasis biopsy. Shared mutations were recurrent in CTCs, suggesting a possible important role in metastatic spread.
To reliably identify somatic CTC-exclusive mutations, we excluded variants shared between CTCs and matched biopsies and established a customized approach that involves variant classification according to recurrence in CTC samples ( Supplementary Fig. 3B ). We determined a mutation rate per Mb per CTC sample for criteria of observation in one, two, or three samples, as shown for patient P11 in Fig. 3A . Mutations identified in CTC samples with a mutation rate per Mb of less than that for metastasis biopsies were considered as CTC-exclusive mutations. Among the 240 variants identified in two CTC samples, 31 were known mutations with a predicted deleterious impact on protein function, including variants in cancer genes such as HSP90AB1 and KDM5B ( Supplementary Fig. 2 , Supplementary Table 5 ). When variants were required to be observed in three CTC samples, the mutation rate per Mb per sample was less than values for matched metastases (Fig. 3A) . Nineteen somatic variants were present in at least three CTC samples, of which ten variants were reported in databases ( Table 2 ). Seven of the 19 (37%) were identified in genes involved in cytoskeleton (eg, MACF1) or invasion (eg, NEDD9) and impact protein function. For patient P11, 20% of CTC-exclusive variants were identified in at least three CTC samples (Fig. 3B ). When we examined the distribution of these 19 exclusive variants according to CTC phenotype, 11 (58%) were detected exclusively in epithelial CTCs, and eight (42%) were present in CTCs harboring various characteristics (Fig. 3C) . These data demonstrate the existence of exclusive mutations in CTCs that were not detected in matched biopsies.
To evaluate the relationship between CTCs with distinct characteristics in patients P7 and P11, we performed hierarchical clustering for shared and CTC-exclusive mutations observed in at least three CTC samples ( Fig. 4A and B) . The existence of common mutations between CTCs with distinct characteristics supports their phylogenetic relationship but divergent evolution.
Discussion
We present the first genomic analysis at the single-cell level of CTCs with various phenotypical characteristics. Our primary aim was to determine the feasibility of noninvasive mutational characterization of mPC patients and to define whether the mutation landscape of CTCs reflected that of matched metastases. We demonstrated that WES of CTCs is feasible by testing different strategies that enabled us to detect CTCs with multiple cellular phenotypes. Our first CTC isolation strategy fell short of identifying a fraction of epithelial CTCs, as recently confirmed [14] . This led us to develop two supplementary enrichment and isolation strategies that were used in conjunction with filtration and laser-capture microdissection to address the challenge of CTC heterogeneity. Our results show the superiority of strategies 2 and 3 for future clinical applications but do not allow us to identify which is the best. We determined a global workflow to generate high-quality libraries for WES in which rigorous qualification of WGA uniformity could reliably predict which CTC pool or single CTC was most likely to yield high-quality WES data. Our results differ from those reported by Lohr et al. [16] , who found that ADO and a lack of systematic coverage in WGA products from single EpCAM-positive CTCs necessitated WES of multiple single CTCs (n = 19) for variant determination. Although perhaps less pertinent for exploring tumor heterogeneity, the approach presented here, which limited WES to a small number of high-quality CTC samples and integrated CTC pools, is technically more practical and cost-effective for a clinical setting. We showed that WES for a very small number of pools or single epithelial CTCs yielded significant mutational similarities for the exome of matched metastasis biopsies, including mutations in PC genes such as GRM8 and TP53. Our results indicate that CTC sequencing can provide a reasonable and feasible proxy for metastasis sampling in disseminated cancer. Interestingly, recurrent mutations were systematically identified in both CTCs and matched metastasis biopsies, and sequencing more CTCs did not significantly extend the number of mutations identified. However, a fraction of mutations identified within the matched metastasis biopsy were not detected in CTCs, suggesting that these mutations may not have the ability to disseminate or transit in blood. By analogy, it could be hypothesized that these recurrent mutations found in CTCs and shared by matched metastasis biopsies could play an important role in metastatic progression. Alternatively, we cannot exclude the possibility that mutations identified within a matched metastasis could be missed in CTCs for different technical reasons related to the sensitivity of our approach.
We established a strict pipeline for variant calling and for greater reliability we only considered CTC-exclusive mutations observed in at least three CTC samples. CTC-exclusive mutations included both unknown mutations that warrant further investigation and known mutations with a predicted deleterious impact on protein function in cancer-driver genes such as HSP90AB1 and KDM5B, as well as in genes that might have a crucial role in the biological specificity (eg, cytoskeletal remodeling) or survival (eg, DNA repair) of CTCs. These CTC-exclusive mutations were mostly present in epithelial CTCs or in both epithelial CTCs and CTCs with other morphological characteristics, a result that indirectly validates the true tumor origin of these cells. Our data suggest that CTCs harboring these exclusive mutations derived from distinct metastatic sites represented minor subclones that were undetectable in metastatic biopsies.
While tumor tissue biopsies remain the gold standard for validating or confirming genetic abnormalities found in CTCs or circulating tumor DNA (ctDNA), it is important to question the representability of a needle or single-site biopsy specimen. As illustrated here via analysis of CTCexclusive variants, CTCs can be derived from lesions that were not biopsied and may contain a different genetic composition than the tumor material used as a reference.
These results demonstrate for the first time that sequencing of CTCs at the single-cell level can reveal metastasis mutational content and diversity that are otherwise inaccessible. Exome sequencing of cell-free tumor DNA has also C3orf30 demonstrated concordance of mutations with metastasis biopsies [23] . Although ctDNA analyses may indeed offer advantages in terms of simplicity, sequencing of CTCs can provide unique additional and complementary information such as EMT status and cancer stem-cell phenotype [24, 25] . The presence of different and multiple genetic alterations can be identified within the same CTC, offering the possibility to explore inter-and intratumor heterogeneity and evolution. It is therefore anticipated that CTCs and ctDNA are complementary in their clinical utility. While tumor tissue biopsies remain the gold standard for confirming genetic abnormalities found in CTCs, it is important to question the representability of a needle or single-site biopsy. Our findings emphasize the potential and clinical utility of detecting such mutations in CTCs via minimally invasive blood draws for optimal therapy selection, precision medicine, and treatment resistance options. A study quantifying digital pathology features of CTCs recently showed that low CTC phenotypic heterogeneity was associated with better overall survival (OS) among patients treated with androgen receptor signaling inhibitors, whereas high heterogeneity was associated with better OS among patients treated with taxane chemotherapy [26] . Beyond identifying potential targets, WES at the singlecell level could quantify heterogeneity and help in decisionmaking for mCRPC patients.
Conclusions
This pioneering study emphasizes the potential of CTCs to represent metastasis mutational content and tumor diversity that are otherwise inaccessible. By offering realtime monitoring of a constantly evolving disease and detecting potentially critical mutations via minimally invasive blood draws, CTC sequencing can serve an unmet need for optimal therapy selection and precision medicine.
